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ABSTRACT
In this paper we discuss the luminosity modulations and spectral analysis results of the
recent deep observations of XMMU 122939.7+075333, the first black hole discovered
in a globular cluster. The source has been detected many times, typically with LX >
1039 erg s−1, but in a 2010 observation had faded to LX ∼ 1038 erg s−1. In our 2011
observations, it has rebrightened to LX ∼ 2× 1039 erg s−1. This significant increase in
luminosity over a a relatively short time period is not consistent with the idea that
the long term flux modulations displayed by XMMU 122939.7+075333 are caused by
the Kozai mechanism alone as had previously been suggested. Instead, given that the
source shows ”spiky” behaviour in its light curve, it seems likely that the faintness in
2010 was a result of a short observation that did not catch any bright epochs. We also
find that when the source is brighter than average, it has an excess of soft (<0.7 keV)
photons. The spectral analysis reveals strong, albeit model-dependent, evidence of
emission from highly ionised oxygen (Oviii) when the source is brighter than average.
Key words: stars:X-rays:binaries – Galaxies:individual:NGC 4472 – X-rays:galaxies
– stars:optical
1 INTRODUCTION
XMMU122939.7+075333, which is coincident with a spec-
trally confirmed globular cluster (RZ 2109) in the massive
Virgo elliptical galaxy NGC4472 (Rhode & Zepf 2001), was
the first X-ray emitting globular cluster identified to con-
tain a black hole (BH) system, based on data from X-ray
Multiple Mirror-Newton (XMM) satellite (Maccarone et al.
2007). The peak X-ray luminosity of the source at discovery,
LX = 4× 1039 erg s−1, is more than 10 times the Eddington
luminosity (LEdd) of a neutron star. This high luminosity
makes the source an ultraluminous X-ray source (ULX; a
non-nuclear X-ray source with LX > 1×1039 erg s−1, assum-
ing isotropic emission). bf Moreover, its luminosity varied
by a factor of seven in just a few hours, thereby ruling out
the possibility that the system is a superposition of neutron
stars and confirming it as a likely BH system.
? E-mail: tana@ast.uct.ac.za; thomas.maccarone@ttu.edu;
kraft@head.cfa.harvard.edu; sivakoff@ualberta.ca
Shih et al. (2008) carried out spectroscopic analysis of
XMMU 122939.7+075333 using XMM-Newton data (Mac-
carone et al. 2007) and Chandra data. They found that the
spectra were well fit by a multicolour disk blackbody model
and had an inner disk temperature of about kTin= 0.15 keV
with the same underlying continuum whether the source was
in a bright or faint phase, but with varying absorption col-
umn density. The results of this spectral analysis support the
idea that the X-ray variability was due to a change in absorp-
tion column density. Further investigation by Maccarone et
al. (2010) using four short Chandra and Swift observations
of XMMU 122939.7+075333 found that its luminosity ap-
peared to be declining over a period of several years.
XMMU 122939.7+075333 has also been studied exten-
sively at optical wavelengths. Zepf et al. (2007) found
[O iii]λ 5007 emission associated with the system. Optical
spectroscopic follow up with higher signal-to-noise by Zepf
et al. (2008) revealed both [O iii]λ 5007 and [O iii]λ 4949
emission from XMMU 122939.7+075333. In addition to the
narrow (few hundred km s−1) core already found by Zepf et
al. (2007), these emission lines were found to have very broad
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wings with a velocity width of about 2000 km s−1 and were
therefore blended. The total emission line luminosity in the
Zepf et al. (2008) spectrum was found to be 1.4×1037 erg s−1,
with a flux ratio of [O iii] to Hβ of at least 30. A long
term spectroscopic campaign was carried out by Steele et
al. (2011) to monitor the variability and velocity structure
of the [O iii] emission from XMMU 122939.7+075333. While
the [O iii] velocity structure was relatively constant over a
time span of more than 400 days, the luminosity of the emis-
sion lines declined by approximately 10%. Most recently,
Peacock et al. (2012) used spatially resolved spectroscopic
data from HST/STIS to determine the spatial structure of
the [O iii] emission. They found that the half-light radius of
the gas is between 3 and 7 pc and that the light profile of
the oxygen gas emission is consistent with the light profile
of RZ 2109’s continuum.
The high ratio of [O iii] to Hβ determined by Zepf et al.
(2008) suggests that the donor star is likely to be a hydrogen
deficient star such as a white dwarf (WD), as first suggested
by Gnedin et al. (2009). Most WDs are composed almost
entirely (> 99% by mass) of carbon and oxygen (e.g., Dufour
2011). Thus we would expect that the matter accreted from
such a donor would be rich in carbon and oxygen and poor
in hydrogen. This is in keeping with the findings of Zepf et
al. (2008), who showed that the optical spectrum associated
with XMMU 122939.7+075333 is poor in hydrogen and rich
in oxygen.
On the basis of evolutionary arguments Ivanova et al.
(2010) suggested that the system is most likely a hierarchical
triple star system, with an inner stellar mass BH-WD binary.
In this scenario, it is thought that the outer star in the triple
plays an important role in the evolution of the inner binary
through the Kozai mechanism (Kozai 1962). Maccarone et
al. (2010) argued that we would expect m˙ (and therefore the
X-ray flux of the binary) to vary significantly on the time-
scale for which e varies due to the Kozai mechanism. They
showed that for representative values of the system param-
eters, the period of e variations is about 40 years; we then
expect the X-ray flux of the inner binary to vary on a similar
timescale. Maccarone et al. (2010) studied X-ray data for
XMMU 122939.7+075333 that spanned 30 years and they
show that long term variation in flux is consistent with it
declining on the timescale of the period of eccentricity. Thus
the scenario of XMMU 122939.7+075333 as a triple system
with an inner WD-BH binary was favoured.
The X-ray variability is likely to be due to a variable ab-
sorption column density caused by an accretion disk which
has the same composition as the WD donor star. The [O iii]
emission is likely to be from the disk wind, driven by mod-
erately super-Eddington accretion onto the central compact
object. The disk wind is then photoionised by the X-ray
emission from the central source.
Such a system would have several observational features
and parameters that could be observed to test the veracity
of this model. A WD-BH binary is expected to be compact
and have a short orbital period (Bildsten & Deloye 2004).
This gives rise to a high accretion rate, a fully ionised ac-
cretion disk and thus a persistently luminous X-ray source.
The WD would have supplied the accretion disk with mate-
rial rich in oxygen and carbon. It may therefore be possible
to detect X-ray and/ or ultraviolet emission lines from car-
bon or oxygen in the source spectra. If the photoionised
accretion disk wind is variable, we expect to see aperiodic
modulations of the X-ray luminosity due to obscuration by
a changing absorption column density (Proga et al. 1998).
Since soft X-rays (<1 keV) are absorbed preferentially, this
means that the source spectrum should be softer when the
source is more luminous.
Recent deep observations of XMMU 122939+075333
have made it possible to probe some of these questions.
In this paper we explore both the temporal and spectral
properties of this source to improve our understanding of its
nature.
2 OBSERVATIONS AND DATA ANALYSIS
The two most recent deep observations of
XMMU 122939+075333 were obtained from the Chan-
dra telescope (Obs ID 12889 and 12888). They were taken
one week apart on 14 and 21 February 2011 respectively,
with exposure times of 140 ks and 160 ks respectively.
The data were first reprocessed using Chandra calibra-
tion data from March 2011 to create new level two events
files with the CIAO acis reprocess events script. The images
were then checked for background flares. We used specextract
to produce source and background spectra and dmextract to
make light curves.
To establish whether the source is persistently bright,
we look to a long term X-ray light curve spanning several
years. The long term light curve of the source was produced
using data from the Chandra, XMM and ROSAT telescopes.
The light curves for Obs ID 12889 and 12888 are used to
explore the short term variation of the X-ray flux.
To test whether varying intrinsic absorption plays a
significant role in flux variation, the most recent Chan-
draobservations were split into bright and faint phases (with
the dividing line being the mean count rate of ∼1.3×10−3
to more accurately analyse the data. We analyse the light
curves to determine whether the flux variations are between
faint and bright phases is significant and, if so, whether it
is related to a change in absorption column by calculating
hardness ratios.
To do this, the counts in the bright and faint phases
were divided into hard (1−5 keV) and soft (0.5−1 keV)
energy bands, such that there were a roughly even
number of counts in each band for the bright phase.
XMMU122939+075333 is situated near the edge of CCD
chip ACIS-5 in Obs ID 12889 and 12888. To calculate the
source count rate accurately, we made exposure maps of the
chip using mkexpmap and used them to correct for the de-
creased effective area near the chip gaps. The hardness ratio,
HR = (H − S)/(H + S) where H and S are the number of
counts in the hard and soft bands respectively, was then
determined for the bright and soft phase of each observa-
tion. We also compute the probability that the changes in
hardness ratio between faint and bright phases happened by
chance, using the binomial probability distribution.
In order to compare the spectral properties of
XMMU 122939+075333 to those of other black hole bina-
ries, we model the spectra with the standard spectral model
often used for Galactic BH binaries as well as ULXs; i.e.
a model consisting of a disk blackbody (diskbb) continuum
plus a powerlaw (PL) component. The Obs ID 12888 and
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12889 spectra were both fit with this model. We also in-
clude 100 ks XMM observation of the source taken in 2004
(hereafter referred to as XMM04; Maccarone et al. 2007) in
out spectral analysis.
The optical spectra of XMMU 122939+075333 shows
strong [O iii] emission. To establish whether oxygen emis-
sion is also present in the X-ray spectra of the source, we
attempt to model the excess of soft counts as a an emis-
sion line, using a Gaussian spectral model component. The
Obs ID 12889 and 12888 spectra and XMM04 were fit jointly
with the same models so that the Gaussian component could
be tied to the same value across all three data sets. The data
sets were fit simultaneously with the same continuum model
(either diskbb only, PL only, or diskbb plus PL), with the
associated continuum spectral parameters (e.g., photon in-
dex, Γ) free to vary between each data set. The F test was
carried out on the Gaussian line component to determine its
significance.
The spectral analysis was carried out using the Inter-
active Spectral Interpretation System (ISIS) version 1.6.1.
Only data in the well calibrated, low background range of
0.5−5 keV were used. This energy range is not standard;
many other groups use an energy range up to 8 or 10 keV.
However, after inspecting our data, we found that our cho-
sen energy range resulted in the best quality spectra. The
Gehrels statistic was used to calculate errors as it gives
a more reliable fit to data with low count rates (Gehrels
1986). The phabs absorption model was used to fit fore-
ground absorption with the Galactic absorption column den-
sity, NH = 1.6 × 1020 cm−2 (Dickey & Lockman 1990) and
default ISIS (Xspec) abundances and cross sections. We do
not have a sufficient number of counts in the spectra to allow
for the fitting of models where both the spectral parameters
and the absorption column density are free to vary. We thus
keep the absorption column density frozen to the Galactic
foreground value. The interstellar medium of elliptical galax-
ies contains very little cool molecular or atomic gas (see e.g.,
Welch et al. 2010), so any absorption from NGC 4472 itself
would be negligible.
For the cases where the flux variation between bright
and faint spectra was found to be significant, the spectra
were analysed separately. The bright and faint phase spec-
tra were grouped to a minimum signal-to-noise ratio of three
and two per bin respectively. These spectra were then sep-
arately fit with PL or diskbb continuum models (Mitsuda
et al. 1989) and a Gaussian component to fit an excess of
counts at ∼0.6 keV.
To further test whether the flux variation between
bright and faint spectra could be due to a change in ab-
sorption column density, we also fit the faint spectra with
the best fit parameters of their respective bright spectrum
and allow NH to vary.
3 RESULTS
3.1 Long term light curve
The long term light curve was made up of data
from the most recent deep Chandra observations of
XMMU 122939.7+075333 as well as archival data from
XMM, Chandra, and ROSAT.
The flux from a Chandra data set taken in 2000 was de-
termined using ISIS and the spectral parameters from Shih
et al. (2008). The flux for the 2004 XMM observation was
taken from the bright phase spectrum (count rate > 0.04
counts/s) of XMM04 only and calculated in ISIS using the
spectral parameters found in Shih et al. (2008). This was
done to be consistent with the work of Shih et al. (2008)
and Maccarone et al. (2010). The 2002 XMM (values taken
from the 2XMM catalogue of Watson et al. 2009) and 2010
Chandra (Maccarone et al. 2010) fluxes and errors were cal-
culated from their respective count rate or flux errors using
the w3pimms tool, assuming a Γ= 1.7 power law spectral
model.
The ROSAT data (Colbert & Ptak 2002) had poor spec-
tral resolution and w3pimms was used to calculate the flux
from the count rate. Shih et al. (2008) found that the count
rate for the ROSAT data was consistent with that of the
bright XMM04 data; they therefore used the XMM04 inner
disk temperature value (0.2 keV) to fit the ROSAT data.
The ROSAT luminosity is a factor of 6 higher when a 1 keV
blackbody temperature is assumed compared to a temper-
ature of 0.2 keV. The errors for this source are thus domi-
nated by the uncertain energy to counts conversion for this
data. Maccarone et al. (2010) estimate that the luminosity
of the source at the time of the ROSAT observation is be-
tween 1039 and 1040 erg s−1. In this work we used a 0.2 keV
blackbody to estimate the flux of the ROSAT data.
All the data plotted in the light curve, shown in Fig. 1,
are the unabsorbed X-ray luminosities for the 0.2–10 keV
range. The ROSAT, 2002 XMM and 2010 Chandra errors
were calculated from their respective count rate or flux er-
rors using the w3pimms tool. The dominant source of error
for the ROSAT luminosity is due to uncertainty in convert-
ing counts to energy (see Shih et al. 2008; Maccarone et al.
2010). The errors in these luminosity measurements do not
account for the uncertainty in the power law slope.
3.2 Light curves of Obs ID 12889 and 12888
The source displays periods of brightening (by a factor of
roughly three from the mean count rate) on the timescale
of hours in the light curves from Obs ID 12289 and 12888.
These source light curves were fit with a constant count rate,
which was different for each light curve. This yielded a χ2/ν
of 35.95/34 and 68.86/40 for Obs ID 12889 and 12888 re-
spectively. A constant count rate fit to the light curve for
Obs ID 12889 cannot be ruled out at greater than the 37%
level; we did not detect significant variability over this obser-
vation. We will therefore not discuss the intra-observational
variability of Obs ID 12889 any further in this paper. How-
ever, for Obs ID 12888, the straight line can be ruled out at
greater than the 99 % level; the source is displaying signifi-
cant flux variation over this time period.
3.3 Hardness Ratios
The count rate threshold between the bright and faint phases
is 1.3×10−3 counts/s.
We use the binomial probability distribution to deter-
mine whether or not the change in HR between bright and
faint phases is significant, with each photon simply being as-
signed a probability of being in the soft or hard band. In our
c© ??? RAS, MNRAS 000, 1–12
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Figure 1. The long term light curve of XMMU 122939.7+075333. The squares, crosses, and star represent Chandra, XMM, and ROSAT
data respectively. All luminosities are in the 0.2–10 keV range. The errors for the Chandra fluxes (except those taken in 2010) as well as
that of XMM04 reflect the 90 % confidence intervals. For clarity, the data point for Obs ID 12888 has been plotted with offsets of six
months.
case, the null hypothesis is that the HR of the faint phases is
only different from that of the bright ones by chance (given
that in the bright phases the chances of a photon falling into
the hard or soft band is 50%). Hardness ratio data as well
as the probabilities are displayed in Table 1.
We find that the hardness ratios for the bright and
faint phases of Obs ID 12888 are 0.02±0.11 and 0.38±0.13.
The null hypothesis probability for Obs ID 12888 is 0.006;
thus the difference in hardness between the faint and bright
phases is statistically significant.
3.4 Spectral Analysis
3.4.1 Disk blackbody plus power law spectral model
Roberts et al. (2006); Stobbart et al. (2006) and Roberts
(2007) showed that some of the ULX spectra they stud-
ied could be modelled using the standard disk blackbody
plus power law model used to model the spectra of Galac-
tic binaries, i.e., the soft end of the spectrum was fit by
the diskbb component and the hard end was fit by the PL.
However, Stobbart et al. (2006) also found that a significant
proportion of their sources had spectra that were better fit
with an “inverted” model, i.e., a steep PL component fit to
the soft end of the spectrum and diskbb component fit for
the harder end. In this section we explore whether the disk
plus power law model provides a good fit to the spectra of
XMMU 122939.7+075333.
3.4.1.1 Bright phase spectrum We are unable to fit
complex physical models to the bright and faint phase spec-
tra of Obs ID 12888 due to the low number of counts (66
total counts for the faint phase spectrum of Obs ID 12888).
The following spectral fits are used only to parametrise
the data. In these spectral models, the absorption column
density is frozen to the Galactic foreground value (NH =
1.6× 1020 cm−2; Dickey & Lockman 1990).
The bright phase of Obs ID 12888 was individually fit
with a diskbb plus PL model. For Obs ID 12888, the disk
component has an inner temperature, 0.08+0.06−0.01 keV and the
PL component is Γ = 2.06+1.50−1.42, producing an acceptable fit
with χ2/ν = 4.49/3.
3.4.1.2 Obs ID 12889, 12888, and XMM04 full
spectra The disk blackbody plus power law model pro-
duced acceptable fits for all three data sets. We note that
for our spectra the PL slopes are not well constrained, es-
pecially for XMM04. Nevertheless, all three sets of spec-
tral fit parameters were consistent with the source having
a cool disk and hard PL component. Tin was found to be
0.09+0.02−0.04, 0.12
+0.03
−0.06 and 0.26
+0.06
−0.07 for Obs ID 12888, 12889
and XMM04 respectively. The PL slopes were Γ = 1.45+1.29−1.06,
Γ = 1.28+1.20−0.96 and Γ = 0.60
+1.92
−>2.60 for Obs ID 12888, 12889
and XMM04 respectively (the > symbol indicates that the
spectral parameter pins at -2). These parameters are sum-
marised in Table 2 and the spectra are shown in Fig. 3.
3.4.2 Continuum plus Gaussian spectral model
3.4.2.1 Continuum in bright and faint phases The
bright and faint phase continua of Obs ID 12888 were bet-
ter fit by the diskbb model with inner disk temperature,
kTin=0.6
+0.1
−0.2 and 0.5
+1.2
−0.2 keV respectively.
3.4.2.2 Gaussian component in bright and faint
phases The bright phase spectrum of Obs ID 12888 is
better fit when a Gaussian component is included in the
spectral model to account for the excess of soft photons at
approximately 0.6 keV. For Obs ID 12888 bright phase the
line energy is 0.65+0.04−0.2 with a normalisation of 6.4×10−6
+2.2
−3.4×10−6 . The physical width (PW) and equivalent width
(EW) for the bright Obs ID 12888 spectrum are 0.1+0.1−0.1 keV
and 2.1+7.2×10
5
−1.0 keV respectively. The line luminosity is
∼1038 erg s−1. The faint phase spectrum did not require the
Gaussian component in order to have acceptable fits.
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Phase HR
12888 bright 0.02 ± 0.11
12888 faint 0.38 ± 0.13
Null hypothesis probability: 0.006
Table 1. Hardness ratio data for XMMU 122939.7+075333 for Obs ID 12888. The probability column indicates the null hypothesis
probability that the faint phase HR could be produced from a spectrum that is the same as in the bright phase.
Figure 2. The bright unfolded spectrum of XMMU 122939.7+075333 taken from Obs ID 12888 with its respective best fit diskbb plus
PL model (red line; see Table 2 for spectral model fit parameters). The ∆χ2 residual values are shown below the spectrum.
3.4.2.3 Joint fits of Obs ID 12889, 12888, and
XMM04 full spectra For the joint fit of Obs ID 12889,
12888 and XMM04 we compared the diskbb only, PL only,
and diskbb plus PL continuum models with and without the
Gaussian component. We then tested the significance of the
line component using an F test. We note that these data ful-
fil the criteria for the appropriate use of the F test: the line
energy is well-known in advance as the emission is assumed
to be from Oviii and and the line width should be much
smaller than the energy resolution of the CCDs on Chandra
and XMM. So, while warnings about the use of the F test
have been made in recent years (Protassov et al. 2002), we
are comfortable that it should provide, in this case, a good
estimator of the significance of the feature.
For the model consisting of a diskbb continuum only,
the inner disk temperatures were 0.3+0.1−0.1 keV, 0.5
+1.4
−0.2 and
0.3+0.04−0.04 keV for Obs ID 12889, 12888, and XMM04 respec-
tively. When the Gaussian component was added to the
diskbb continuum model, the inner disk temperature, Tin
for Obs ID 12889, 12888, and XMM04 were found to be
0.3+0.2−0.1 keV, 0.7
+2.4
−0.4 keV and 0.4
+0.1
−0.1 keV respectively. An
emission line component with a line energy of 0.66+0.01−0.04 keV
was found. In this fit, the line width was restricted to
0−0.04 keV and a PW of 6.2×10−5 keV was found. The
EWs for Obs ID 12889, 12888, and XMM04 are 0.85 keV,
0.17 keV and 0.10 keV respectively. The reduced χ2 is 0.88
for the diskbb only model and 0.76 for the Gaussian plus
diskbb model. The F test revealed that the emission line is
significant, with an F statistic of 8.24 and null hypothesis
probability of 4.6×10−5.
The PL-only continuum model yielded the following
spectral parameters for Obs ID 12889, 12888, and XMM04
respectively: 3.5+0.9−0.6, 2.8
+1.5
−1.1 and 2.7
+0.2
−0.2. When the Gaus-
sian component was included in the model, an emission line
with an energy of 0.66+0.02−0.02 keV and a PW of 1.92×10−6
+0.04
−1.92×10−6 keV was found. The spectral parameters for the
continuum for this model are 3.10+0.93−0.83, 2.30
+1.1
−0.8 and 2.5
+0.2
−0.2
for Obs ID 12889, 12888 and XMM04 respectively. The EWs
are 0.32 keV, 0.10 keV and 0.07 keV for Obs ID 12889, 12888,
and XMM04 respectively. The PL-only model has a reduced
χ2 of 0.73 whereas the Gaussian plus PL model had a re-
duced χ2 of 0.66. The F test results show that the line is
significant; the F statistic is 5.91 and the null hypothesis
probability is 8.22×10−4.
In the Gaussian plus diskbb and PL continuum model,
several of the continuum components were not well con-
strained, but the line parameters are robust and very
similar to what is found for the other spectral fits. Tin
for Obs ID 12889, 12888, and XMM04 were found to
be 997.0+>3.0−996.0 keV, 0.08
+0.03
−0.05 keV, and 0.3
+0.003
−0.01 keV re-
spectively. The values for Γ are 4.8+>2.2−>6.8, 1.6
+0.2
−1.5, and
0.2+2.1−1.1. The Gaussian component had a line energy of
0.66+0.02−0.02 keV and PW of 0.01
+0.03
−>0.0 keV. The EW values
were 0.05+0.03−0.03 keV, 0.11
+0.07
−0.07 keV, and 0.06
+0.04
−0.04 keV for Obs
ID 12889, Obs ID 12888, and XMM04 respectively. The re-
duced χ2 for the Gaussian plus continuum model is 0.57.
We obtain the reduced χ2 for the joint fit of the diskbb plus
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Spectrum Counts χ2/ν Diskbb norm. Tin PL norm. Γ
(keV) (×10−6)
Obs ID 12888 bright 107 4.49/3 346+1.3×10
8
−342 0.08
+0.06
−0.01 1.6
+1.1
−1.2 2.06
+1.50
−1.42
Obs ID 12889 242 9.99/28 29.0+24085−28.3 0.12
+0.03
−0.06 2.76
+4.50
−2.28 1.28
+1.20
−0.96
Obs ID 12888 173 8.51/19 225.2+5644−222.1 0.09
+0.02
−0.04 1.99
+1.69
−1.32 1.45
+1.29
−1.06
XMM04 2532 61.1/81 0.55+3.94−0.30 0.26
+0.06
−0.07 1.79
+1.9×107
−1.72 0.60
+1.92
−>2.60
Table 2. The best fit spectral parameters for the diskbb plus PL spectral model. The errors shown are the 90% confidence intervals.
Figure 3. The unfolded spectra of XMMU 122939.7+075333 taken from Obs ID 12889 (top left panel) and 12888 (top right panel) and
XMM04 (bottom panel) with a diskbb plus PL model (red line; see Table 2 for spectral model fit parameters). The ∆χ2 residual values
are shown below each spectrum.
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Spectrum Counts χ2/ν Diskbb norm. Tin PL norm. Γ Gauss. norm. Line energy Physical width Eq. width
(keV) (×10−6) (×10−6) (keV) (keV) (keV)
12888 faint 66 0.48/3 0.004
+2.6
−0.004 0.5
+1.2
−0.2 – – – – – –
12888 bright 107 0.10/2 0.003
+1.4
−2.6×10−3 0.6
+0.1
−0.2 – – 6.4
+2.1×106
−3.4 0.65
+0.04
−0.2 0.1
+0.1
−0.1 2.1
+7.2×105
−1.0
Obs ID 12889 242 118.4/134 0.4
+2.2
−0.3 0.3
+0.1
−0.1 – – – – – –
Obs ID 12888 173 118.4/134 0.01
+1.5
−0.01 0.5
+1.4
−0.2 – – – – – –
XMM04 2532 118.4/134 0.3
+0.2
−0.1 0.3
+0.04
−0.04 – – – – – –
Obs ID 12889 242 99.6/131 0.2
+1.0
−0.2 0.3
+0.2
−0.1 – – 3.4
+1.9×107
−1.3 0.66
+0.01
−0.04 6.2
+4000
−6.2 ×10
−5 0.9+4.8×10
6
−0.3
Obs ID 12888 173 99.6/131 1.6
+1480
−1.62×10
−3 0.7+2.4−0.4 – – 3.4
+1.9×107
−1.3 0.66
+0.01
−0.04 6.2
+4000
−6.2 ×10
−5 0.2+9.5×10
5
−0.02
XMM04 2532 99.6/131 0.1
+0.1
−0.1 0.4
+0.1
−0.1 – – 3.4
+1.9×107
−1.3 0.66
+0.01
−0.04 6.2
+4000
−6.2 ×10
−5 0.1+5.5×10
5
−0.04
Obs ID 12889 242 98.2/134 – – 8.3
+1.8
−1.9 3.5
+0.9
−0.6 – – – –
Obs ID 12888 173 98.2/134 – – 3.7
+1.2
−1.3 2.8
+1.5
−1.1 – – – –
XMM04 2532 98.2/134 – – 14.1
+1.3
−1.3 2.7
+0.2
−0.2 – – – –
Obs ID 12889 242 86.5/131 – – 7.7
+1.9
−2.2 3.1
+0.9
−0.8 2.7
1.4−1.3 0.66
+0.02
−0.02 1.9
+40000
−1.92 ×10
−6 0.3+0.2−0.2
Obs ID 12888 173 86.5/131 – – 3.2
+1.2
−1.2 2.3
+1.1
−0.8 2.7
1.4−1.3 0.66
+0.02
−0.02 1.9
+40000
−1.92 ×10
−6 0.1+0.05−0.05
XMM04 2532 86.5/131 – – 13.0
+1.4
−1.4 2.5
+0.2
−0.2 2.7
1.4−1.3 0.66
+0.02
−0.02 1.9
+40000
−1.92 ×10
−6 0.1+0.01−0.01
Obd ID 12889 242 71.4/125 2.4
+3.7×1013
−1.4 ×10
−12 997+>3.0−996 5.6
+>1016
−5.6 4.8
+>2.2
−>6.8 2.3
+1.4
−1.5 0.66
+0.02
−0.02 0.01
+0.03
−>0.0 0.1
+0.03
−0.03
Obs ID 12888 173 71.4/125 214
+0.1
−213.9 0.1
+0.03
−0.05 2.2
+0.8
−2.1 1.6
+0.2
−1.5 2.3
+1.4
−1.5 0.66
+0.02
−0.02 0.01
+0.03
−>0.0 0.1
+0.07
−0.07
XMM04 2532 71.4/125 0.3
+0.2
−0.2 0.3
+0.003
−0.01 1.0
+3.7×107
−0.01 0.2
+2.1
−1.1 2.3
+1.4
−1.5 0.66
+0.02
−0.02 0.01
+0.03
−>0.0 0.1
+0.04
−0.04
Table 3. The best fit spectral parameters for the continuum only and continuum plus Gaussian spectral models. The errors shown
are the 90% confidence intervals. For the joint spectral fit with diskbb continuum, the physical width of the Gaussian component was
restricted to 0−0.04 keV.
Figure 4. The bright and faint unfolded spectra of XMMU 122939.7+075333 taken from Obs ID 12888 their respective best fit continuum
plus Gaussian model (red line; see Table 3 for spectral model fit parameters). The top left panel shows the faint Obs ID 12889 spectrum,
the top right panel shows the faint Obs ID 12888 spectrum, the bottom left panel shows the bright Obs ID 12889 spectrum and the
bottom right panel shows the bright Obs ID 12888 spectrum. The ∆χ2 residual values are shown below each spectrum.
PL continuum model by summing the respective reduced
χ2 values from the individual fits; this gives a reduced χ2
of 0.62. The F statistic is then 4.79 and the null hypothesis
probability is 0.003. The line is therefore fairly significant.
The spectral parameters for these models are are sum-
marised in Table 3. The spectra for the diskbb only and
PL only continuum model joint fits are shown in Fig. 5 and
Fig. 6.
3.4.3 Varying absorption model
We assume that the difference between the bright and faint
phases in Obs ID 12888 are due to a variable absorption
column density, i.e., the underlying continuum is essentially
the same and the difference in flux is due to the soft photons
being preferentially absorbed in the faint phase. We can test
this assumption further by fitting the faint phase spectrum
using the best fit continuum spectral parameters from the
respective bright phase spectrum and leaving the absorption
free to vary. If our assumption is correct, then the fits should
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Figure 5. The unfolded spectra of XMMU 122939.7+075333 taken from Obs ID 12888 and 12889 and XMM04 with a PL continuum
model (red line; see Table 3 for spectral model fit parameters). The panels on the left hand side show spectra fit without the Gaussian
component and the panels right show spectra fit with the Gaussian component. The top panels show the Obs ID 12889 spectra, the
middle panels shows the Obs ID 12888 spectra and the bottom panels show the XMM04 spectra. The ∆χ2 residual values are shown
below each spectrum.
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Figure 6. The unfolded spectra of XMMU 122939.7+075333 taken from Obs ID 12888 and 12889 and XMM04 with a diskbb continuum
model (red line; see Table 3 for spectral model fit parameters). The panels on the left hand side show spectra fit without the Gaussian
component and the panels right show spectra fit with the Gaussian component. The top panels show the Obs ID 12889 spectra, the
middle panels shows the Obs ID 12888 spectra and the bottom panels show the XMM04 spectra. The χ2 residual values are shown below
each spectrum.
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be statistically acceptable and the absorption column den-
sity should be higher than the Galactic foreground value.
We found that this model provided statistically accept-
able fits for the faint spectrum, with χ2/ν = 2.38/4 for Obs
ID 12888. The faint phase spectrum of Obs ID 12888 was
found to have a higher absorption value of 2.5×1021 cm−2
and a 90% confidence interval of 1.6 × 1020 < NH <
9.6× 1021 cm−2.
4 DISCUSSION
4.1 Long term light curve
We find that during the period from 1994 to 2011, the source
has LX & 1038 erg s−1. In addition, the source luminosity
has increased significantly between the observation of Mac-
carone et al. (2010) in February 2010 and the most recent
observations in February 2011. This large increase in lumi-
nosity over a period of a year argues against the idea that
the long term flux variations are caused by (just) the Kozai
mechanism.
4.2 Light curves of Obs ID 12889 and 12888
This intra-observational variability seen in Obs ID 12888 is
too short to be due to spectral state changes, which have
time scales on the order of days to weeks for stellar mass
black hole binary systems (see e.g., Yu & Yan 2009). These
variations could, however, be easily explained by a variable
absorption column density.
4.3 Hardness Ratios
This result is consistent with the explanation discussed in
§1: that a variable absorption column density is responsible
for the decrease in X-ray luminosity due to the preferential
absorption of soft X-ray photons. Shih et al. (2008) also
found that the spectral changes between the faint and bright
phases in XMM04 were due to a lack of soft photons in the
faint phase, which is consistent with our result for Obs ID
12888.
4.4 Spectral Analysis
4.4.1 Disk blackbody plus power law spectral model
4.4.1.1 Bright phase spectrum The spectral parame-
ters for the diskbb plus PL model are consistent with the sys-
tem having a cool disk (Tin=0.08
+0.06
−0.01 keV) and hard power
law component (Γ=2.06+1.50−1.42) as seen in other ULXs (see
e.g., Stobbart et al. 2006). This value of Tin is not consis-
tent with the spectral parameter values found for Galactic
black hole binaries, which are typically in the range 0.7 –
1.5 keV (see e.g. McClintock & Remillard 2006).
4.4.1.2 Obs ID 12889 and 12888 and XMM04 full
spectra These parameter values are in keeping with the re-
sults found for other ULXs; i.e. a cool disk (Tin . 0.2 keV)
and a hard PL component (Γ < 1.5) (see e.g., Miller et
al. 2003; Jenkins et al. 2005; Roberts et al. 2005; Stobbart
et al. 2006). The diskbb plus PL model has fit the appar-
ent hard excess much better than the previous models that
only include one continuum component (see Fig. 3). The disk
blackbody plus power law model therefore provides a good
fit to the spectra of XMMU 122939.7+075333, implying that
the source is behaving like a typical ULX. We note that the
apparent excess of photons at around 1 keV still remains,
even with this two continuum component model. While this
two component continuum model can fit ULX spectra with
low signal-to-noise, (Gladstone et al. 2009) showed that high
quality ULX spectra with at least 10 000 counts are not well
fit by this model. Instead, these high signal-to-noise spec-
tra are well fit a model consisting of a disc plus a Comp-
tonized corona component. The characteristic disk temper-
ature, Tmax, for this model is found to be .0.5 keV, which
like the disk temperatures found for the diskbb plus PL mod-
els, is also significantly cooler than that that of the Galac-
tic BHBs. Since very high quality spectra are required to
properly fit the (Gladstone et al. 2009) models, we do not
attempt to carry out this analysis on our data sets.
4.4.2 Continuum plus Gaussian spectral model
4.4.2.1 Bright and faint phase spectra The energy
for Gaussian component found in the models are consistent
with emission from highly ionised oxygen, Oviii, with its
line energy of 0.65 keV. The Oviii edge absorption feature
is located at 0.87 keV. We have not attempted to model this
feature due to the low signal-to-noise of the data, but cannot
rule out its presence. However, because the fitted emission
lines are strong and narrow, the absence or presence of the
absorption edge should not affect whether the emission line
is detected.
4.4.2.2 Obs ID 12889, 12888, and XMM04 full
spectra Based on the results of the F test for these spectral
fits, the Gaussian component is found to be fairly significant.
In all the joint fits, the Gaussian component is narrow and
unresolved. In the model with two continuum components,
the Gaussian component is well constrained, with reason-
able parameter values. However the continuum parameters
in this model are degenerate with one another. Given that
the disk blackbody component peaks outside of the Chan-
dra energy range, it is very difficult to distinguish between
a cool diskbb and a steep PL continuum model.
The emission line seen here is unlikely to be due to
reflection from the accretion disk because it is so lumi-
nous (see Madej et al. 2010, who find an emission line
with an equivalent width of 40 eV from a Galactic ultra-
compact X-ray binary.). The emission could, however be
caused by either collisional excitation or photoionisation.
Due to the low signal-to-noise ratio of our data, we are not
able to draw further conclusions about the origin of this
spectral feature, except to say that this line emission seen
in XMMU 122939.7+075333 and not in other nearby ULXs
may be due to the much higher oxygen abundance in this
system’s donor star compared to systems fed by massive
stars.
These results suggest that the soft excess could be
due to spectral line emission. We argue that this line
emission could arise from highly ionised oxygen (Oviii),
which is in line with our theory that the accretion disk of
c© ??? RAS, MNRAS 000, 1–12
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XMMU 122939.7+075333 is rich in oxygen due to the com-
panion star being a WD.
Other ULXs also show soft, line-like X-ray emission.
For instance, Caballero-Garc´ıa & Fabian (2010) found that
the spectra of NGC 5408 X-1 contained line-like emission
at ∼0.6 keV. They suggested that this emission could be
due to the presence of highly ionised oxygen and iron
around the source. Subsequently, Middleton et al. (2011)
showed that this feature is well modelled by an optically
thin plasma model component with temperature ∼ 0.8 keV.
NGC 5204 X-1 was found to have an excess of counts at
around 1 keV (Roberts et al. 2006). It was found that this
excess could be modelled either as a thermal plasma com-
ponent with kT ∼ 0.9 keV or as a broad Gaussian line with
kT ∼ 0.96 keV. Stobbart et al. (2006) found that the soft
excess in NGC 4395 X-1 could be modelled as a thermal
plasma with kT = 0.75 keV.
Middleton et al. (2014) modelled the soft excess in
NGC 5408 X-1 and NGC 6946 X-1 as blue-shifted, absorp-
tion lines due to the radiatively driven wind which is ex-
pected to accompany the accretion scenario in ULXs (Mid-
dleton et al. 2011). They find that modelling the spectra in
this way gives statistically poorer fits than modelling with
a thermal plasma. However, they still favoured broad ab-
sorption features from a disk wind over thermal plasmas,
and argued that more sophisticated modelling is needed. In
our system, we argue that the features are more likely to
be emission lines from the same plasma that produces the
O [viii] emission lines in the optical, but we agree that sev-
eral plausible scenarios could produce the observed results,
and some combination of better data and more sophisticated
modelling would be required to distinguish between the var-
ious possibilities.
Our spectra also show hints of other features besides
the excess at 0.65 keV. Both the Obs ID 12889 and 12888
spectra show suggestive evidence for a hard (>2 keV) excess.
Shih et al. (2008) also report a hard excess in their spectral
analysis of the source. This feature may require an additional
continuum component in order to fit properly. However, our
data do not have enough counts to do this without increasing
the degeneracy of the model significantly. There also appears
to be an excess of photons at ∼1 keV in the Chandra and
XMM spectra. Narrow spectral features have been seen at
these energies for LMC X-4 (Neilsen et al. 2009; Hung et al.
2010). The narrow feature arises from emission from Ne X
Lyα (1.02 keV).
However, since the standard ULX spectral model
gives statistically acceptable fits to the spectra of
XMMU 122939.7+075333, we cannot say that the line plus
continuum spectral modelled is preferred over the standard
ULX model. We can therefore not distinguish between the
scenario where the soft excess is due to highly ionised oxygen
or a cool disk component, using these data sets.
4.4.3 Varying absorption model
The result of the varying absorption model indicate that the
absorption column density is significantly higher during the
faint phase of Obs ID 12888 than during the bright phase.
This result is in accord with the findings of the flux variation
analysis as well as the HR calculations. It therefore appears
that over the course of Obs ID 12888, the source did un-
dergo significant variations in flux, HR and absorption col-
umn density between the faint and bright phase. Shih et al.
(2008), using bright and faint phase spectra from XMM04,
also found that the faint phase could be well modelled by
using the best fit spectral parameters for the bright phase
and letting the absorption column density be free to vary.
They found a significantly increased value of NH with this
model.
5 CONCLUSIONS
In this paper we have shown that XMMU 122939.7+075333
appears to be a persistently luminous X-ray source. The
short term, intra-observational flux variability is too rapid
to be caused by spectral state changes and can more eas-
ily be explained by a changing absorption column density.
The significant increase in luminosity over a the period of
a year (2010 to 2011) is not consistent with the idea that
the long term, large amplitude flux modulations displayed
by XMMU 122939.7+075333 are caused by the Kozai mech-
anism alone. However, this does not rule out the possibility
that there may be other variations in addition to the de-
cay expected from the Kozai mechanism. For instance, An-
tognini et al. (2014) have shown that periodic modulation
of the eccentricity of a close binary can be forced by a third
body, even in the absence of the large inclination angle re-
quired for Kozai resonances to develop.
We also show that source has an excess of soft photons
when the source is in a bright phase, which is consistent with
previous analysis carried out on this system. The excess of
soft X-ray photons can be modelled as emission from Oviii
(0.65 keV) from the source. However, the standard spectral
model (disk blackbody plus power law component) also gives
acceptable fits to the data. Both sets of spectral models sug-
gest that XMMU 122939.7+075333 is indeed BH binary. At
this point we do not have sufficient evidence to prefer one
over the other.
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